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Abstract

Proto-Kranz plants represent an initial phase in the evolution from C; to C;—C, intermediate to C, plants. The ecological
and adaptive aspects of C;—C, plants would provide an important clue to understand the evolution of C;—C, plants. We
investigated whether growth temperature and nitrogen (N) nutrition influence the expression of C;—C, traits in Chenopodium
album (proto-Kranz) in comparison with Chenopodium quinoa (Cs). Plants were grown during 5 weeks at 20 or 30 °C under
standard or low N supply levels (referred to as 20SN, 20LN, 30SN, and 30LN). Net photosynthetic rate and leaf N content
were higher in 20SN and 30SN plants than in 20LN and 30LN plants of C. album but did not differ among growth conditions
in C. quinoa. The CO, compensation point (I') of C. album was lowest in 30LN plants (36 umol mol™"), highest in 20SN
plants (51 umol mol™), and intermediate in 20LN and 30SN plants, whereas I" of C. quinoa did not differ among the growth
conditions (51-52 umol mol™). The anatomical structure of leaves was not considerably affected by growth conditions in
either species. However, ultrastructural observations in C. album showed that the number of mitochondria per mesophyll or
bundle sheath (BS) cell was lower in 20LN and 30LN plants than in 20SN and 30SN plants. Immunohistochemical obser-
vations revealed that lower accumulation level of P-protein of glycine decarboxylase (GDC-P) in mesophyll mitochondria
than in BS mitochondria is the major factor causing the decrease in I" values in C. album plants grown under low N supply
and high temperature. These results suggest that high growth temperature and low N supply lead to the expression of C;—C,
traits (the reduction of I') in the proto-Kranz plants of C. album through the regulation of GDC-P expression.

Keywords C,—C, intermediate photosynthesis - Chenopodium album - CO, compensation point - Glycine decarboxylase -
Growth temperature - Nitrogen nutrition

Introduction fixed CO, is lost through photorespiration under the present

atmospheric conditions (Sage et al. 2012). In C, plants, a

Ribulose 1,5-bisphosphate carboxylase/oxygenase (Rubisco)
is the key enzyme in CO, fixation in plants. The product of
the oxygenase reaction, 2-phosphoglycolate, is recycled in a
process called photorespiration (Bauwe 2011). The glycine
decarboxylase (GDC) complex in mitochondria decarboxy-
lates the intermediate metabolite of the photorespiratory
(glycolate) cycle, glycine, resulting in the loss of previously
fixed CO, (Schulze et al. 2016). In C; plants, a quarter of
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CO,-concentrating mechanism (C, cycle) suppresses the
oxygenase function of Rubisco and therefore photorespira-
tion; this cycle relies on cooperation between mesophyll (M)
and bundle sheath (BS) cells (Hatch 1987; Leegood 2013;
Schliiter and Weber 2020).

C, plants are considered to have evolved from C; plants
mainly in response to a reduced concentration of atmos-
pheric CO, (Ehleringer and Monson 1993; Sage et al. 2018).
In general, C, plants prefer high-light, hot and dry environ-
ments, in which photorespiration is accelerated. Water use
efficiency (WUE) is higher in C, plants than in C; plants,
because C, plants can maintain higher photosynthetic rates
under lower stomatal conductance (Ghannoum et al. 2011).
Nitrogen is an essential nutrient required for photosynthe-
sis and growth. Nitrogen (N) use efficiency is also higher
in C, plants than in C; plants, because less N is allocated
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to Rubisco and more to other photosynthetic enzymes and
thylakoid components (Brown 1978; Ghannoum et al. 2011).

C, plants have been hypothesized to have evolved step-
wise via intermediate stages called C;—C, intermediate
plants or C;—C, plants (Edwards and Ku 1987; Sage et al.
2012; Schliiter and Weber 2020). Their leaves have Kranz-
like anatomy, and the BS cells contain abundant chloroplasts
and mitochondria; the CO, compensation point (1), an index
of photorespiration rate, is intermediate between those of C;,
and C, plants. The reduced photorespiration is achieved by
the glycine shuttle (C, cycle) operating between the M and
BS cells, which recycles photorespired CO, (Monson and
Rawsthorne 2000; Rawsthorne et al. 1988; Sage et al. 2012).
In C;-C, plants, glycine generated in M cells is transported
to BS mitochondria for decarboxylation, because M mito-
chondria lack GDC activity (Rawsthorne et al. 1988). In the
BS cells of most C;—C, plants, mitochondria lie between
centripetally located chloroplasts and inner tangential walls.
This positioning of organelles suppresses the loss of pho-
torespired CO, from BS cells, because photorespired CO,
from mitochondria is captured by the chloroplasts. Type I
C;—C, plants reduce photorespiration by the glycine shuttle,
whereas type II C;—C, plants have a weak C, cycle together
with the glycine shuttle (Monson et al. 1986). C, plants are
thought to have evolved from C; plants via proto-Kranz,
type I C;—C,, type I C3—C,, and C,-like plants (Edwards
and Ku 1987; Sage et al. 2012; Schliiter and Weber 2020;
Tashima et al. 2021). In proto-Kranz plants, (i) chloroplasts
and mitochondria are arranged centripetally in BS cells, but
their numbers are lower than in those in C;—C, plants, and
(i) GDC is expressed in all mitochondria of M and BS cells
(Muhaidat et al. 2011; Sage et al. 2013; Voznesenskaya et al.
2013; Yorimitsu et al. 2019).

Knowledge of the ecological and adaptive aspects of
C;—C, plants would provide an important clue to the evolu-
tion of C, plants. In general, C;—C, plants grow in warm
or hot regions, reflecting their photosynthetic advantages
at high leaf temperatures (Lundgren and Christin 2017;
Monson and Jaeger 1991; Sage et al. 2018; Schuster and
Monson 1990; Sudderth et al. 2009). However, it is difficult
to define a universal niche of C;—C, plants (Lundgren and
Christin 2017). Some studies have investigated the effects of
growth environments—N supply (Bolton and Brown 1980),
CO, and O, concentrations (Byrd and Brown 1989; Pinto
et al. 2011; Vogan and Sage 2012), and temperature (Her-
eford 2017; Pinto et al. 2011)—on photosynthetic traits of
C;—C, plants. However, it is not easy to determine which
environmental factors are involved in the development of
C;—C, traits. Intraspecific variation of photosynthetic traits
in C;-C, species has also been investigated. Sayre and
Kennedy (1977) found that in Mollugo verticillata (type 1
C;-C,), I' values differ among populations, and Hereford
(2017) reported that this variation is temperature dependent.
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Teese (1995) reported little differentiation of /" among popu-
lations of Flaveria linearis (type I C;—C,), but high tempera-
ture appears to reduce photorespiration. Further studies will
be required to reveal the effects of the environment on the
development of C;—C, traits in various species.

Chenopodium album L. (Chenopodiaceae) is a common
weed with worldwide distribution. Although C. album was
previously described as a C; species, our recent study has
revealed that C. album plants have either proto-Kranz or type
I C4—C, traits, probably depending on the locality (Yorim-
itsu et al. 2019). The C. album complex is a taxonomically
riddle group (Ohri 2015) and includes individuals with dif-
ferent chromosome numbers (Tanaka and Tanaka 1980). It
remains to be verified whether intraspecific variation in pho-
tosynthesis occurs within it. However, the species may be in
the process of evolutionary transition from proto-Kranz to
type I C;—C, stage (Yorimitsu et al. 2019). Thus, one could
expect plasticity in the expression of photosynthetic traits of
C. album in response to environmental changes.

Although C, plants have higher N use efficiency than C,
plants, no significant difference has been found between C,
and type I C;—C, Flaveria species (Monson 1989; Vogan
and Sage 2011). A constraint-based modeling study has sug-
gested that N limitation may have facilitated C, evolution
(Blétke and Brautigam 2019). On the other hand, in the pho-
torespiratory cycle, NHj is released in glycine decarboxy-
lation by GDC in mitochondria (Keys and Leegood 2002;
Schulze et al. 2016). In C;—C, plants, this release must occur
in BS mitochondria (Monson and Rawsthorne 2000; Sage
et al. 2018) and would create an imbalance in N metabolites
between BS and M cells (Monson and Rawsthorne 2000).
The weak C, cycle activity in C;—C, species probably serves
to rebalance N metabolites (Mallmann et al. 2014). Close
association of mitochondria and chloroplasts in BS cells may
also facilitate the capture of photorespiratory NH;, as in the
case of CO,. However, it is fully unknown whether N nutri-
tion level influences the expression of C;—C, traits.

In this study, we investigated whether the expression of
C;—C, traits in the proto-Kranz plants of C. album is influ-
enced by growth temperature and N nutrition level. We also
examined the C; species Chenopodium quinoa Willd. as a
control. The results of this study suggest that high growth
temperature and low N supply promote the expression of
C;—C, traits in the proto-Kranz plants of C. album.

Materials and methods
Plant materials and growth conditions
Seeds of C. album were collected in upland fields in

Tsukuba, Ibaraki, Japan. Seeds of C. quinoa (cv. Hokukei
CG1) were provided by the National Agriculture and Food



Journal of Plant Research (2022) 135:15-27

17

Research Organization (NARO) Genebank, Tsukuba. We
have previously classified them into the proto-Kranz and
C; types, respectively (Yorimitsu et al. 2019). The seeds
were germinated and the seedlings were grown for 2 weeks
in perforated multiwell nursery boxes set in a greenhouse
in the experimental field of Kyushu University, Fukuoka,
Japan. Seedlings were then transplanted to 5-L pots (one
plant per pot) with sandy loam soil containing standard N
(SN, 1.0 g N per pot) or low N (LN, 0.05 g N per pot); N
was supplied as ammonium nitrate. The N level in SN was
the same as in our previous study on Chenopodium spe-
cies (Yorimitsu et al. 2019). Each pot also contained 1.0 g
each of phosphorus (as calcium superphosphate) and potas-
sium (as potassium chloride). All plants were grown in the
growth chambers of the Biotron Application Center, Kyushu
University, for 5 weeks at 20 or 30 °C under natural sun-
light (maximum photosynthetic photon flux density about
1000 pmol m~2 s7! at plant height). Hereafter, we refer to
them as 20SN, 20LN, 30SN, and 30LN plants. Plants were
watered once every 2 or 3 days for the first 2 weeks and then
daily. The position of plants in the growth chambers was
changed every week to avoid positional effects. Recently
expanded mature leaves of 3 or 4 plants per treatment were
used for analysis.

Gas exchange measurements

Gas exchange traits in leaves were measured between 08:00
and 12:00 using an LI-6400 portable photosynthesis system
(Li-Cor Inc., Lincoln, NE, USA). After acclimatization of
the plant to chamber conditions of the system to achieve
steady-state CO, and H,O fluxes, net photosynthetic rate
(A) was measured at a photosynthetic photon flux density of
1000 pmol m™ 57!, a leaf temperature of 30 °C, a relative
humidity of 60%, and a CO, concentration of 380 uL L.
These conditions were the same as in Yorimitsu et al. (2019).
Light within the chamber was provided by a 6400-02 LED
Light Source (Li-Cor Inc.). Measurement of the CO, com-
pensation point (I') was started at a CO, concentration of
380 uL L, and then CO, concentration was lowered step-
wise until A became negative; the CO, concentration was
then increased stepwise to 380 uL L™!. The I values were
determined by extrapolating the initial slope of A versus
the intercellular CO, concentration (C;) through the x-axis,
where A=0 (Yorimitsu et al. 2019). Carboxylation efficiency
was calculated from the initial slope. Photosynthetic WUE
was calculated as PWUE =A + transpiration rate (7).

Leaf mass per area, N content, and photosynthetic N
use efficiency

Leaves used for the gas exchange measurements were also
used to determine leaf mass per area (LMA). Leaf samples

(2.2 cm?) were air dried for 1 day at 70 °C and weighed.
LMA was calculated as dry weight +leaf area. Several dried
leaves, including those used for LMA determination, were
ground to a fine powder with a pestle in a mortar, and the N
content of each sample (0.3 g of powder) was determined by
a micro-Kjeldahl procedure (Tsutsumi et al. 2017). Photo-
synthetic N use efficiency (PNUE) was calculated as A +leaf
N content.

Anatomy

Leaves of C. album and C. quinoa were sampled in the
morning of a fine day. Segments excised from the middle
between the leaf tip and base (about 1 mm X 1.5 mm) were
fixed in 3% (v/v) glutaraldehyde in 50 mM sodium phos-
phate buffer (pH 6.8) at room temperature for 1.5 h, washed
with phosphate buffer, and post-fixed in 2% (w/v) OsO, in
phosphate buffer for 2 h. Then they were dehydrated through
an acetone series and embedded in Quetol resin (Nisshin
EM, Shinjuku, Tokyo, Japan). Semithin Sects (1 um thick)
were cut with a glass knife on an ultramicrotome (Porter-
Blum MT-2B, Sorvall Inc., Norwalk, CT, USA), mounted
on glass slides, stained with 1% (w/v) toluidine blue O, and
observed under a light microscope (Eclipse Ci-L, Nikon
Instech Co., Ltd., Tokyo, Japan). For C. album, the profile
areas of M and BS tissues between adjacent small vascular
bundles were measured in ImagelJ software (National Insti-
tutes of Health, Bethesda, MD, USA), and the M/BS tissue
area ratio was calculated. The sizes (profile areas) of 5 M
cells and 5 BS cells per plant were also measured, and the
M/BS cell size ratio was calculated.

To measure vein density in C. album leaves, leaf seg-
ments (1.8 mm?) were fixed in a formalin—acetic acid—alco-
hol mixture and cleared in 80% (v/v) lactic acid and chloral
hydrate—saturated ethanol as described by Tsutsumi et al.
(2017). The vein density (vein length per unit leaf area) was
measured in ImagelJ software.

Quantification of chloroplasts and mitochondria

Chloroplasts and mitochondria were quantified in M and
BS cells of C. album. Ultrathin sections were cut from the
leaf samples embedded in Quetol resin with a diamond
knife on the ultramicrotome, picked up on Formvar-coated
copper grids, stained with lead citrate, and viewed under a
transmission electron microscope (JEM-100CX II K, JEOL
Ltd., Tokyo, Japan) at 75 kV. The numbers of chloroplasts
and mitochondria per cell were counted in 5 M cells and 5
BS cells per plant. The intracellular positions of these orga-
nelles in BS cells were determined following the definition
of Hatakeyama and Ueno (2016). We counted chloroplasts
and mitochondria in the inner halves (i.e., along the inner
tangential wall and the inner half of the radial wall) and in
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the outer halves (i.e., along the outer tangential wall and the
outer half of the radial wall) of the BS cells. The sizes (pro-
file areas) of 10—15 chloroplasts and 10—15 mitochondria per
plant were measured in ImageJ software.

Immunohistochemistry

Segments excised from the middle between leaf tip and base
(about 0.5 cm X 1 cm) were fixed in 3% (w/v) paraformal-
dehyde with 0.2% (v/v) glutaraldehyde in 50 mM sodium
phosphate buffer (pH 6.8) at 4 °C for 10 h. The segments
were washed with phosphate buffer, dehydrated through
an ethanol-tertiary butanol series, and embedded in Para-
plast X-TRA (Fisher Scientific Co., Houston, TX, USA) as
described by Hatakeyama and Ueno (2016). Sections (10 um
thick) were cut on a rotary microtome (PR-50, Yamato
Koki Co., Ltd., Saitama, Japan), mounted on glass slides
coated with poly-L-lysine (Sigma-Aldrich, Inc., St Louis,
MO, USA), and dried overnight at 46 °C. Antiserum for
P-protein of GDC (GDC-P) was the same as in our previous
study (Yorimitsu et al. 2019). Sections were immunostained
for GDC-P as described by Hatakeyama and Ueno (2016),
except that the antiserum dilution was 1:1000.

Western blots

Leaves were sampled, frozen immediately in liquid nitrogen,
and stored in a deep freezer (—80 °C). Extraction of soluble
proteins, SDS-PAGE, and Western blotting were done as
described by Ueno (1992). Antisera for Rubisco large subu-
nit (LSU) and GDC-P were the same as in Yorimitsu et al.
(2019); the antisera were diluted 1:1000.

Statistical analysis

Data are presented as means of 4 plants + SE for the gas
exchange traits and means of 3 plants + SE for other physi-
ological traits of C. album and C. quinoa. Data for the
structural traits of C. album are presented as means of 3
plants + SE. The data were analyzed in Statcel 4 software
(OMS Publisher, Saitama, Japan). The significance of dif-
ferences in physiological and structural traits among 20SN,
20LN, 30SN, and 30LN plants in each species was tested by
ANOVA, followed by Tukey—Kramer post hoc tests. P val-
ues less than 0.05 were considered statistically significant.

Results
Gas exchange and other physiological traits

In C. album, A was lower in 20LN or 30LN plants than
in 20SN and 30SN plants, with the lowest value in 20LN
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plants (Fig. 1a). There were no differences in 7, among the
growth conditions in C. album, although T, tended to be
lower in 20LN plants (Fig. 1b). I" of C. album was lowest
in 30LN plants (36 umol mol™!) and highest in 20SN plants
(51 umol mol™) (Fig. 1¢). The carboxylation efficiency of C.
album was lower in 20LN than in 20SN plants, and in 30LN
than in 30SN plants, with the lowest value in 20LN plants
(Fig. 1d). In C. quinoa, there were no significant differences
in A, T,, I', or carboxylation efficiency among the growth
conditions (Fig. 1a-d). I" of C. quinoa was within a narrow
range (51-52 umol mol™!). In line with N supply level, the
leaf N content of C. album was higher in 20SN and 30SN
plants than in 20LN and 30 LN plants (Fig. le). A similar
trend was observed in C. quinoa, but with no significant
differences among the growth conditions (Fig. 1e). On the
other hand, LMA of C. album was highest in 20LN and low-
est in 30SN plants (Fig. 1f). In C. quinoa, LMA was higher
in 20LN than in 30SN and 30LN plants and intermediate
in 20SN plants (Fig. 1f). In both species, there were no sig-
nificant differences in PNUE (Fig. 1g) or PWUE (Fig. 1h).

Leaf anatomy

In the leaves of C. album and C. quinoa, the M was differ-
entiated into palisade and spongy tissues (Figs. 2, 3). The
BS cells of C. album contained many centripetally located
chloroplasts in all growth conditions (Fig. 2a—d), which are
typical of proto-Kranz type. The M and BS cells of C. album
accumulated abundant starch grains in all growth conditions
(Fig. 2a—d, S1, S2). In all growth conditions of C. quinoa,
the BS cells contained fewer chloroplasts than those of C.
album, and much fewer of them were located centripetally
(Fig. 3a—d), which are typical of non-Kranz type.

Quantitative analysis of structural traits in C. album
leaves

Quantitative responses of anatomical traits and organelles in
C. album leaves were analyzed to understand the structural
basis for the I" dependence on growth conditions (Table 1).
Vein density was lower in 30LN plants than in 30SN plants,
and intermediate in 20SN and 20LN plants (Table 1). There
were no significant differences in tissue areas of M and BS
or in M/BS tissue area ratios among the growth conditions
(Table 1). Likewise, there were no significant differences in
M and BS cell sizes or M/BS cell size ratios (Table 1).
Electron microscopic observations confirmed that the
BS cells of C. album leaves had the structural traits of the
proto-Kranz type in all four growth conditions: consider-
able numbers of chloroplasts and mitochondria were dis-
tributed centripetally, and the mitochondria tended to be
located between the chloroplasts and the inner tangential
walls (Fig. S1). Although the chloroplasts of both BS and
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Fig. 1 Photosynthetic and other physiological traits in leaves of Che-
nopodium album and Chenopodium quinoa plants grown under dif-
ferent temperatures and N supply levels. a Net photosynthetic rate
(A). b Transpiration rate (7,). ¢ CO, compensation point (/). d Car-
boxylation efficiency (CE). e Leaf N content. f Leaf mass per area
(LMA). g Photosynthetic N use efficiency (PNUE). h Photosyn-

M cells accumulated abundant starch grains, there were
more starch grains in 20LN and 30LN plants (Fig. S1b, d,
S2b, d) than in 20SN and 30SN plants (Fig. Sla, c, S2a, c).
Chloroplast size and number per cell and the distribution
of chloroplasts to the inner half of BS cells did not differ
significantly among the growth conditions (Table 1). The
size of M mitochondria was largest in 30SN and smallest
in 20SN, whereas that of BS mitochondria did not differ

thetic water use efficiency (PWUE). 20SN, 20 °C and standard N
level; 20LN, 20 °C and low N level; 30SN, 30 °C and standard N
level; 30LN, 30 °C and low N level. Data for gas exchange traits are
means + SE of 4 plants. Data for leaf N content, LMA, and PNUE are
means + SE of 3 plants. Different letters indicate significant difference
at P <0.05 in each species

significantly among the growth conditions (Table 1). The
number of mitochondria per M cell was lower in 20LN
and 30LN plants than in 20SN and 30SN plants (Table 1).
The number of mitochondria per BS cell showed a similar
trend, but only the difference between 20LN and 30SN
plants was significant (Table 1). The distribution of mito-
chondria to the inner half of BS cells was highest in 30SN
plants and lowest in 20LN plants (Table 1).
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Fig.2 Leaf anatomy of C. album plants grown under different temperatures and N supply levels. Unlabeled arrows indicate centripetally located
chloroplasts. BSC bundle sheath cell, PM palisade mesophyll, SM spongy mesophyll. Bars =50 pm

Immunohistochemical localization of GDC-P

In 20SN and 30SN plants of C. album, immunostaining
revealed the presence of GDC-P in both M and BS cells, but
the BS cells were more strongly stained and formed brown
rings, indicating GDC-P accumulation around vascular tis-
sues (Fig. 4a, c). In 20LN and 30LN plants, the overall stain-
ing density for GDC-P was weaker (Fig. 4b, d) than in 20SN
and 30SN plants (Fig. 4a, c), and was almost undetectable
in M cells (Fig. 4b, d). Under the same N level, there was no
clear difference in staining between growth temperatures,
but staining tended to be stronger in BS cells than in M

@ Springer

cells at 30 °C than at 20 °C (Fig. 4a vs. c; Fig. 4b vs. d).
In C. quinoa, GDC-P was present mainly in M cells in all
four conditions (Fig. 4e—h). Although BS cells were also
weakly stained, the brown rings found in C. album were not
observed. In C. quinoa, the staining density was also some-
what weaker in 20LN and 30 LN plants (Fig. 4f, h) than in
20SN and 30SN plants (Fig. 4e, g).

Western blot analysis of GDC-P and Rubisco LSU

In C. album and C. quinoa, no large difference was detected
in the GDC-P band among the four growth conditions



Journal of Plant Research (2022) 135:15-27

21

Fig.3 Leaf anatomy of C. quinoa plants grown under different temperatures and N supply levels. Unlabeled arrows indicate centripetally located
chloroplasts. BSC bundle sheath cell, PM palisade mesophyll, SM spongy mesophyll. Bars =50 pm

(Fig. 5). Likewise, Rubisco LSU was present in all condi-
tions of both species with no distinct differences (Fig. 5).

Discussion

Our study found that the I” value in C. album was lowest
under high temperature and low N supply (Fig. 1c). The
range of I values (36-51 pumol mol™") found in this study
overlapped with those in the proto-Kranz types of C. album
(38—48 umol mol~") and other proto-Kranz species of Che-
nopodium (35-51 umol mol~"), but was higher than those
in type I C;—C, Chenopodium species (20-26 umol mol~1)

(Yorimitsu et al. 2019). These data suggest that apparent
photorespiration in C. album was reduced at high tem-
perature and low N level, but remained within the range
of the proto-Kranz type. It was more strongly reduced by
the combination of both factors than by each factor alone.
In contrast, growth conditions had no effect on I" in the
C; control C. quinoa plants (51-52 umol mol~!; Fig. 1c).
As expected, A (Fig. 1a) and leaf N content (Fig. le) of C.
album decreased at low N supply. A strong positive correla-
tion between these parameters is well known (Ghannoum
et al. 2011; Makino and Ueno 2018). In C; plants, leaf N
content generally correlates positively with LMA (Ghan-
noum et al. 2011), but no such relationship was observed

@ Springer



Journal of Plant Research (2022) 135:15-27

22

I1Aydosaw py ‘yreays a[pung §¢,
S0°0 > d & 9UAIRJIP JUBDOYIUSIS JedIPUl SI9)9] JUIdI(] Jusunean 1od sjue[d ¢ Jo HS F sueow aIe sonfeA 4

[9AS] N MO[ D 0€ ‘N'TOE *19A3] N PIBPURIS D, 0E ‘NSOE “1PAST N MO D, 0T ‘NTOT “19A3] N PXePURIS ‘D, 0T ‘NSOCe

(%) s1190 s4 Jo
JIey Jouur 9y}

qe €+68 e I+16 q TF8L qe 1+98 Ul BLIPUOYIONA
qe LTFt9 B Y1+07TI q CTIFTG qe 60F001 SIP9 SH [100 10d 10quunu

q 80F6¢ B S0+98 q To0FTE e 0C+0¢l SIPO N UOLIPUOYSONA
B 800 FST'T e 800 F £€'T e 10+ $0°1 € SO0F¥I'T S[[°9 S4 (puml) oz18

qe LO0OF €S0 e 600 F8L0 qe €00+ SS0 q €00+ 8+°0 SII*d IN UOLIPUOYSOMIA
(%) s1e0 Sq Jo
Jey Jouur oy}

' 8+ 9t ' €Fov e F €€ e I+1y ur sysefdorofy
e ST+67I B 90F¢LI B CTIFT16I B [ARE4Y! S[[e2 S9 1190 1ad 19q

B 60F LI B 80F TLI B 80F L9I e vOFVvLI S[[90 N -unu se[doro[y)
B YI+L9 B 80FTL B €0FTY B SOF0L S[[°° S9 ()

B 90FT19 B 0T+18 B 80F ¢S e SOF9L [P N 9218 Jserdorory)
oner

e LO0 F ¥6°0 e 00+ L60 e 0T0+2CC1 e CIOFIIT 9ZIs [[99 S4/IN

e SSFLLS e LCFSLY e SS +88¥ e ¢+ S6v S[[99 S4

e L * SvS e 6€ F 91 e 90T + 209 e oF + vtS SII™ N () az1s 12D
oner

e SOF+9 e €0F ¢S e 80F6¢C e YOFIS Bale anssn SH/IN
® 10000 F L9000 € 90000 F L¥00°0 € ZI00°0 F 95000 € 10000 F €500°0 onssn g ()

e 00 F €700 e S00°0 + 9200 e 100 F ¥€0°0 e €000 F LTO0 onssn ;)N BaTe onssL],
(v wrr)

q COFIY B ToO+v'¢ qe Yo+ 6t qe CTOFLY Aytsuop urop

adky
NT0€ NSO€ NT10¢ «NS0C [199 10 9nsSL], el

S[9AQ] N [10s pue sarnjeradwa) JuaIolIp Jopun umoid syueld wngpp wnipodouay?) Jo SOABI[ UL SI[[QULSIO PUB ‘S[[3 ‘sanssn Jo syen aaneinuenb jo uostedwo) | ajqel

pringer

Qs



Journal of Plant Research (2022) 135:15-27

30LN

23
C. quinoa
MC
NG
BSC
Me
, BSC
1."'.;: 'yl,';;.
- Nasc
! MC
Npsc

Fig. 4 Immunohistochemical localization of glycine decarboxylase P protein in leaves of C. album and C. quinoa plants grown under different
temperatures and N supply levels. BSC bundle sheath cell, MC mesophyll cell. Bars =50 pm

in this study in either species (Fig. le, f). In C. album, no
relationship between leaf N content and LMA may be par-
tially explained by the fact that the chloroplasts of 20LN
and 30LN plants accumulated more starch grains than those
of 20SN and 30SN plants (Figs. S1, S2). Accumulation of
starch grains in chloroplasts has also been observed in other
plants growing under low N supply (Aviovich and Cresswell
1983; Makino and Ueno 2018).

Light microscopic observations revealed no considerable
differences in leaf anatomy of C. album or C. quinoa among
the four growth conditions (Figs. 2, 3). Quantitative analysis
of structural traits in C. album also showed no significant

differences in M or BS tissue area, tissue area ratio, the sizes
of M and BS cells, cell size ratio, chloroplast size, or chlo-
roplast number per cell. On the other hand, the number of
mitochondria per cell was generally lower in both M and BS
cells of 20LN and 30LN plants than in those of 20SN and
30SN plants, although the size of mitochondria did not differ
(Table 1). Overall, it seems that having fewer mitochondria
in M and BS cells is a major structural response of C. album
to low N levels, which may reflect lower physiological activ-
ity in LN plants than in SN plants. We expected the distribu-
tion ratios of chloroplasts and mitochondria to the inner half
of BS cells to increase with a decrease in I, because this
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Fig.5 Western blots of glycine

decarboxylase P protein (GDC- 20SN

P) and ribulose 1,5-bisphos-

phate carboxylase/oxygenase C' album

large subunit (Rubisco LSU)

in leaves of C. album and C. GDC-P

quinoa plants grown under dif- .

ferent temperatures and N sup- Ru bISCO

ply levels. Total soluble protein LSU

(20 pg for GDC-P and 2.5 pg

for Rubisco LSU) was subjected

to SDS-PAGE, blotted on -

nitrocellulose membranes, and C- q uinoa

identified with antisera against

the indicated enzymes GDC-P
Rubisco

LSU

organelle positioning is thought to contribute to the low loss
of photorespired CO, from BS cell mitochondria (Monson
and Rawsthorne 2000; Rawsthorne et al. 1988; Sage et al.
2012). These distribution ratios increase with transition from
proto-Kranz to C;—C, type in Chenopodium (Yorimitsu et al.
2019) and other taxa, such as Heliotropium (Boraginaceae;
Muhaidat et al. 2011) and Flaveria (Asteraceae; Sage et al.
2013). In various hybrids between C;—C, and C; species of
the Brassicaceae, an increase in the distribution ratios of
the organelles to the inner half of BS cells is correlated with
the reduction in I" (Ueno et al. 2003, 2006). In C. album in
the four growth conditions, however, there were no relation-
ships between the distribution ratios of BS organelles and I”
values (Table 1). These data suggest that factors other than
structural traits of BS organelles in leaves were responsible
for the reduction in I values in C. album plants under high
temperature and low N supply.

In C;-C, plants, the predominant localization of GDC
in BS mitochondria is responsible for the reduction of pho-
torespiration, together with the cell specialization of leaves
(Monson and Rawsthorne 2000; Rawsthorne et al. 1988;
Sage et al. 2012). Western blot analysis showed that the rela-
tive amount of GDC-P in the total soluble protein fraction
of C. album leaves did not differ greatly among the growth
conditions (Fig. 5). On the other hand, the cellular pattern of
GDC-P accumulation in C. album reflected leaf N contents:
the photosynthetic cells were stained more densely in 20SN
and 30SN plants than in 20LN and 30LN plants (Fig. 4a—d).
In 20SN and 30SN plants, dense staining for GDC-P was
observed in both M and BS cells, which is characteristic of
the proto-Kranz type (Muhaidat et al. 2011; Sage et al. 2013;
Yorimitsu et al. 2019). In 20LN and 30LN plants, the stain-
ing in M cells was greatly reduced, whereas that in BS cells
remained. This pattern of GDC-P accumulation resembled
that found in the C;—C, type (Rawsthorne et al. 1988; Sage
et al. 2012). A similar pattern of GDC-P accumulation was
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also observed between 20 and 30SN plants and between 20
and 30LN plants, although the difference in accumulation
level between the M and BS cells in response to temperature
was less distinct than that in response to N level. In C. qui-
noa, GDC-P staining was detected mainly in M cells, and
it was weaker in 20LN and 30 LN plants than in 20SN and
30SN plants (Fig. 4e—h) reflecting leaf N content. Taken
together, these data suggest that the lower accumulation
level of GDC-P in M mitochondria than in BS mitochon-
dria is the major factor causing the decrease in I" values
in C. album plants grown under low N supply and high
temperature, because main site of release of photorespired
CO, shifts from M cells to BS cells. Previous studies on
C;—C, Brassicaceae species have shown that not a complete
lack of GDC-P in M cells, but an increase in GDC-P accu-
mulation in BS cells relative to M cells is required for the
decrease in I" (Ueno et al. 2003, 2006). In the evolution
from C; to C;—C, plants in Flaveria, the expression of two
GDC-P genes, GLDPA and GLDPB, is involved in the cell-
specific accumulation of GDC-P (Schulze et al. 2013, 2016).
It remains an intriguing issue how the expression of GDC-P
genes is regulated in C. album.

In C; and C3—C, plants, I" increases with increasing leaf
temperature (Brown and Morgan 1980; Fladung and Hes-
selbach 1989; Vogan and Sage 2012). On the other hand,
there are relatively limited data on the effect of growth tem-
perature on /. Fladung and Hesselbach (1989) reported that
higher levels of light and temperature resulted in a somewhat
lower I in Steinchisma hians (type 1 C;—C,, formerly Pani-
cum milioides) but had no effect on I" in Panicum bisulca-
tum (C;). These responses of I” to growth temperature were
similar to our results in Chenopodium species. It seems that
C. album plants acclimatize to high growth temperature
through the down-regulation of photorespiration, since the
acquisition of C;—C, traits is advantageous for the growth
of plants in hot and warm regions (Monson and Rawsthorne
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2000). Hereford (2017) has reported that when populations
of Mollugo verticillata (type I C;—C,) from a warm and a
cool climate were grown in growth chambers at 24 °C or
35 °C, I was lower in the warm-climate population at 35 °C
and in the cool-climate population at 24 °C. This suggests
that the response of photorespiration to temperature differs
between populations of the same species and depends on the
climate of the growing region. The C. album plants exam-
ined here originated from a warm temperate region of Japan.
It remains unknown whether C. album plants from other
regions show similar responses to growth temperature.

Bolton and Brown (1980) reported that I" did not sig-
nificantly change with increasing N supply in S. hians, but
decreased somewhat in tall fescue (Festuca arundinacea;
Cy). In C. album, I was lower under low N supply (Fig. 1c),
but the reduced I did not increase PNUE, although PNUE
tended to be higher in 30LN plants than in 30SN plants
(Fig. 1g). PNUE does not differ significantly between C; and
type I C;—C, Flaveria species (Monson 1989; Vogan and
Sage 2011). In leaf mitochondria, equal amounts of CO, and
NH; are released during the conversion of glycine to serine
catalyzed by GDC (Keys and Leegood 2002; Schulze et al.
2016). Although NHj; is rapidly re-assimilated by the glu-
tamine synthetase/glutamate synthase (GS/GOGAT) cycle
in chloroplasts, part of it may be emitted from leaves to the
atmosphere, resulting in a loss of N from plants (Schjoerring
et al. 2000). Thus, the higher accumulation of GDC in BS
cells than in M cells may reduce the emission of NH; via
photorespiration. It will be interesting to know whether the
development of C;—C, traits is also associated with plant
N economy. In some accessions of Alloteropsis semialata,
a grass species that includes C;, C;-C,, and C, forms, I
values are lower in moderate nutrient—grown plants than
in high nutrient-grown plants (Lundgren et al. 2016). This
response is similar to that found in our study, but /" in these
accessions changed from C;—C, to C,-like values, suggesting
that enhanced C, cycle activity is probably responsible for
the decrease in . Thus, the biochemical and physiological
basis for decreased I” in A. semialata would differ from that
in C. album.
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